Stars form from cold molecular interstellar gas. As this is relatively rare in the local Universe, galaxies like the Milky Way form only a few new stars per year. Typical massive galaxies in the distant Universe formed stars an order of magnitude more rapidly 1,2 . Unless star formation was significantly more efficient, this difference suggests that young galaxies were much more molecular-gas rich. Molecular gas observations in the distant Universe have so far largely been restricted to very luminous, rare objects, including mergers and quasars 3-5 , and accordingly we do not yet have a clear idea about the gas content of more normal (albeit massive) galaxies. Here we report the results of a survey of molecular gas in samples of typical massive-star-forming galaxies at mean redshifts ,z. of about 1.2 and 2.3, when the Universe was respectively 40% and 24% of its current age. Our measurements reveal that distant star forming galaxies were indeed gas rich, and that the star formation efficiency is not strongly dependent on cosmic epoch. The average fraction of cold gas relative to total galaxy baryonic mass at z 5 2.3 and z 5 1.2 is respectively about 44% and 34%, three to ten times higher than in today's massive spiral galaxies 6 . The slow decrease between z < 2 and z < 1 probably requires a mechanism of semi-continuous replenishment of fresh gas to the young galaxies.
Stars form from cold molecular interstellar gas. As this is relatively rare in the local Universe, galaxies like the Milky Way form only a few new stars per year. Typical massive galaxies in the distant Universe formed stars an order of magnitude more rapidly 1, 2 . Unless star formation was significantly more efficient, this difference suggests that young galaxies were much more molecular-gas rich. Molecular gas observations in the distant Universe have so far largely been restricted to very luminous, rare objects, including mergers and quasars [3] [4] [5] , and accordingly we do not yet have a clear idea about the gas content of more normal (albeit massive) galaxies. Here we report the results of a survey of molecular gas in samples of typical massive-star-forming galaxies at mean redshifts ,z. of about 1.2 and 2.3, when the Universe was respectively 40% and 24% of its current age. Our measurements reveal that distant star forming galaxies were indeed gas rich, and that the star formation efficiency is not strongly dependent on cosmic epoch. The average fraction of cold gas relative to total galaxy baryonic mass at z 5 2.3 and z 5 1.2 is respectively about 44% and 34%, three to ten times higher than in today's massive spiral galaxies 6 . The slow decrease between z < 2 and z < 1 probably requires a mechanism of semi-continuous replenishment of fresh gas to the young galaxies.
Direct observations of molecular gas in galaxies as a function of cosmic epoch are required to understand how galaxies have turned their gas into stars. To explore the evolution of cold gas fractions, we selected two samples of star-forming galaxies (SFGs) spanning similar ranges in stellar mass and star formation rates: one at redshift z < 1.2 (t o < 5.5 Gyr, where t o is the time since the Big Bang) and the other at z < 2.3 (t 0 <3 Gyr). With recent improvements in instrumental sensitivity, we can now sample the massive tail of the typical, or 'normal', SFGs in this epoch (Supplementary Information section 1). These 'main-sequence' galaxies are believed to have high (40-70%) duty cycles of star formation, and most are probably not 'starbursts' in a brief period of activity, such as major dissipative mergers 1,2 . Figure 1 displays the source-integrated spectra in the CO J 5 3-2 transition for 19 of the galaxies observed, 10 at z < 2 and 9 at z < 1. For 14 SFGs we have solid (.4s r.m.s.) detections in both redshift ranges, and for the first time for z . 2 SFGs. In five galaxies the emission is marginally or not detected, or may be continuum rather than line emission. Table 1 summarizes the observed and derived galaxy properties.
For EGS 1305123 (z 5 1.12) and EGS 1207881 (z 5 1.17), we also obtained high quality spatially resolved maps with FWHM (full-width at half-maximum) resolutions of 0.650 and 10, respectively. Figure 2c shows the integrated CO 3-2 emission in EGS 1305123, superposed on an optical image from the Hubble Space Telescope (HST). This map resolves for the first time the cold molecular gas distribution in a clearly non-merging high-z SFG. This system looks like a scaled-up version (in terms of star formation rate and gas mass) of normal z < 0 gas-rich disk galaxies. In the optical images, EGS 1305123 is a nearly face-on, large spiral disk. The clumpy CO emission extends over the entire disk, with a strong concentration of gas near the nucleus and innermost spiral arms ( Fig. 2c ). CO velocity channel maps ( Fig. 2a, b ) exhibit giant clumps with inferred gas masses of ,5 3 10 9 M [ (where M [ indicates solar mass), intrinsic diameters ,2-4 kpc, gas surface densities $500 M [ pc 22 and velocity dispersions s < 20 km s 21 . These clumps are correlated with, but typically separated by .1 kpc from, the brightest nearby optical H II regions (similar to z < 0 spirals 7, 8 ). They probably represent loose conglomerates of several giant molecular clouds that are not yet resolved by our measurements, rather than a single, gravitationally stabilized, giant cloud, since the velocity dispersions are too low for their masses. These clumps are similar to but larger than conglomerates of molecular gas in z < 0 spiral galaxies, which have masses of ,(1-3) 3 10 7 M [ , diameters of 500 pc, surface densities of ,100 M [ pc 22 and velocity dispersions of ,6-12 km s 21 (ref. 7) . The CO dynamics trace an ordered rotating disk pattern with maximum intrinsic rotation velocity v d,max < 200 km s 21 ( Fig. 2d-f ). The inferred ratio of rotational velocity to line-of-sight velocity dispersion, s, in the outer disk is v d,max /s < 10, implying a molecular gas disk that is fairly thin but somewhat more turbulent than in local spirals 7, 8 . The CO dynamics in EGS 1207881 are also consistent with that of a large rotating disk.
The lower resolution observation galaxies, EGS 13004291, EGS 13017614, EGS 13003805 and EGS 12011767, all exhibit doublepeaked line profiles with a spatial offset between the red and blue emission peaks, as expected for rotation in an extended disk ( Supplementary Fig. 2 ). This interpretation is consistent with the HST images ( Supplementary Fig. 2 ; images are available at http:// tkserver.keck.hawaii.edu/egs/egsSurvey/egs_acsDownloads.php).
For Q2324-BX 610 at z 5 2.21 we detect a velocity gradient (Supplementary Fig. 2 ), which is consistent with the well defined rotation pattern in Ha line emission tracing ionized gas 9 . No published high resolution imaging or spectroscopy is available for the other z < 2 galaxies in our sample. On the basis of Ha kinematics of 62 z < 2 SFGs 10 , we might expect between 1/3 and 2/3 of our massive z < 2 SFGs to be rotating disks, similar to, but probably more turbulent (v d /s < 2-6) than, the z < 1 AEGIS galaxies. Future sub-arcsecond CO measurements will be necessary to reveal the molecular gas kinematics in these systems.
Our spatially resolved observations of EGS 1305123 and the flux ratios of different CO lines in another z < 1.5 SFG 11,12 are consistent with the CO emission in these systems arising in giant molecular cloud systems of temperature ,10-25 K and mean gas densities of ,n(H 2 ). < 10 2 cm 23 , comparable to the Milky Way and z < 0 SFGs [13] [14] [15] . In normal z < 0 SFGs, the CO line luminosity L9 CO (in units of K km s 21 pc 2 ) is proportional to the total cold (molecular hydrogen, plus helium) gas mass M mol-gas . A similar 'Galactic' conversion factor appears to be also justified for the z < 1-2 SFGs considered here, given (1) the similar extended structure with large molecular cloud complexes and (2) the comparable gas and star formation surface densities and near-solar metallicities of the z < 1-2 SFGs and the extragalactic star forming clouds studied in refs 13-15. In fact, a Galactic conversion factor may underestimate, rather than overestimate, the total cold molecular gas masses (Supplementary Information section 3) 15 . Figure 3a -c shows the gas fractions derived in this way from Table 1 for all 19 z < 1-2 SFGs (using 3s upper limits for the non-detections), and four SFGs from the literature 11, 16, 17 .
The molecular gas fractions, defined as the ratio of gas mass to the sum of gas and stellar mass, range broadly from 0.2 to 0.8, with an average of ,f mol-gas . < 0.44 ( Fig. 3 ). SFGs at z 5 1-2 are three to ten times more gas-rich than z < 0 SFGs with logM * < 10.5-11 (,f mol-gas (spirals). < 0.04-0.1) 6, 18, 19 . Our survey thus provides direct and statistically significant (,7-10 s in the uncertainty of the mean, for a constant CO-H 2 conversion factor) empirical evidence for the longstanding expectation that high-z SFGs are much more gas rich than z < 0 galaxies [9] [10] [11] [12] [20] [21] [22] [23] . Within the uncertainties, the gas fractions do not depend much on galaxy selection method, star formation rate, or mass ( Supplementary Information sections 1 and 3 ). There appears to be a marginally significant trend (2.8s in the uncertainty of the mean) that the z < 2 SFGs are slightly more gas rich than those of similar mass at z 5 1, with average values of ,f mol-gas . < 0.44 and 0.34, respectively, broadly consistent with theoretical expectations (see below).
We note that our sample is still limited, and probes galaxies at the massive tail of the SFG populations in both redshift ranges ( Supplementary Fig. 1 ). Although the relative trends appear robust, the uncertainty in the derived absolute value of the gas fraction in each galaxy is substantial, because of the combined uncertainties in Supplementary Fig. 1 ). the CO-H 2 conversion factor (Supplementary Information section 3) and stellar masses, each at least 650%. Larger samples will be needed to confirm the tantalizing redshift trend in Fig. 3b .
The high gas fractions at z < 2 and z < 1 (separated by a cosmic time of ,2.5 Gyr) are impressive, especially considering that the halo masses of most galaxies probably exceed 10 12 M [ . These masses are close to or above the 'quenching mass', M t < 5 3 10 11 M [ , at which the gas becomes hot and accretion inefficient [22] [23] [24] [25] . The gas exhaustion timescales of our sample galaxies, t exhaust 5 M mol-gas /SFR (where SFR is the star formation rate), are ,0.9 Gyr (dispersion 60.6 Gyr) for the z < 1-2 SFGs, assuming that the SFR continues at the current rate. These timescales are significantly shorter than the cosmic interval between z < 2 and z < 1, suggesting that either some replenishment is required during this epoch, or that the two samples have experienced different accretion and evolution histories. Our finding is consistent with simulations predicting that rapid accretion of cold gas can exist above M t and supplies the growing galaxies at high-z semicontinuously with fresh baryonic gas [21] [22] [23] . Our observations require that efficient feeding must continue in at least some massive galaxies to z < 1 ( Supplementary Information section 4) . Given their stellar masses and star formation rates, it is possible that some of the z < 1.2 galaxies are descendents of the types of galaxies we sample at z < 2.3. Current work on hydro-dynamical and semi-analytical simulations, including baryonic gas physics, star formation and feedback, predict average gas fractions similar to or somewhat lower than the observations in Fig. 3 (25-45% at z < 2, 10-40% at z < 1-1.5: R. Davé et al., manuscript in preparation; Q. Guo and S. D. M. White, manuscript in preparation; P. Ocvirk et al., manuscript in preparation), all of which predict semi-continuous re-supply of the evolving galaxies with fresh gas from their surrounding cosmic web. This agreement between theory and observations is encouraging in terms of an overall emerging picture of galaxy formation.
A quantitative analysis of the data in Table 1 demonstrates that the large star formation rates at z < 1-2 (refs 1, 2) are the consequence of the large molecular gas reservoirs and not of a greater star formation efficiency than at z < 0. To within the uncertainties, the so called 'Kennicutt-Schmidt' relation 26 between star formation rate and gas surface densities appears to be independent of redshift (L.J.T. et al., manuscript in preparation).
